We present calculations of cross sections for single W − and Z production and W − W − , W − Z, W − γ, ZZ, and W + W − pair production within the Standard Model at e − e − linear colliders. We evaluate Standard-Model Higgs boson production in the channels e − e − → e − e − H, e − νW − H, and e − e − ZH. We also illustrate the enhancements in the W − W − cross section that would result from a strongly-interacting Higgs sector or from a H −− resonance in a Higgs doublet + triplet model.
Introduction
High-energy experiments at e + e − colliders have proved to be very fruitful. The measurements at LEP I and SLC give precision tests of the Standard Model for electroweak interactions [1] .
In addition, interesting direct limits have been placed on the Higgs boson mass and the masses of supersymmetric and other new particles [2] . As a means to continue to address these important issues, the design of linear e + e − colliders with center-of-mass energies in the range 0.3-2.0 TeV is being actively pursued worldwide [3] . With an appropriate design, an e + e − collider could also be operated as an e − e − collider [4] .
The construction of high energy e − e − colliders has not been pursued in recent times. The probable reason for this lack of activity is the absence of s-channel resonance production in e − e − due to lepton number conservation. However, precisely because direct channel resonances are not expected, high energy e − e − collisions could be a clean way to uncover physics beyond the Standard Model (SM), and several new physics signals have recently been discussed [5] .
There are a number of interesting physics possibilities for an e − e − collider. In the context of supersymmetry, searches could be made for scalar electron and chargino pair production [6] .
For example, the chargino production process e − e − → χ − χ − with χ − → W − χ 0 decays gives W − W − final states. Searches could also be made for doubly-charged Higgs bosons [7, 8, 9, 10] , doubly-charged gauge bosons [11] or W R production [12] . Massive Majorana neutrino exchange could allow e − e − → W − W − production [13] , although due to double β-decay constraints the cross section must be very small. Tests of anomalous vector boson couplings could be made [14] , such as the W W γ coupling from the e − e − → e − W − ν e process.
In the present paper we calculate SM expectations for single and pair production of vector bosons in e − e − collisions which are of interest for tests of electroweak theory and as backgrounds to new physics possibilities. We calculate the associated production of a neutral
Higgs boson and a weak boson. We also study the possibility of detecting strong W − W − scattering and quantitatively evaluate the enhancement of W − W − production due to a doubly-charged Higgs boson. At the end, we will briefly discuss the effects of beamstrahlung and bremsstrahlung on the effective center-of-mass energies and the effective luminosities of the e − e − colliders. We also consider the advantages of having both e − beams polarized.
Single weak boson production
Production of weak bosons occurs at order α 3 in the processes
whose Feynman diagrams are given in Fig. 1 
Double weak boson production
Pair production of vector bosons occurs at order α 4 in the processes
The Feynman diagrams for reaction (2c) are shown in Fig. 3 .
The analogues of most of these processes at e + e − colliders have been calculated in Ref. [15] . The formulas for the e + e − amplitudes given in Ref. [15] can be properly crossed to obtain the corresponding amplitudes for e − e − collisions. The e + e − analogue of the process (2d) was not previously considered but these amplitudes can be obtained by modifying the e − e − → e − ν e W − Z amplitudes, changing the Z-couplings to the corresponding γ couplings.
Since the process e − e − → e − ν e W − γ is essentially the photon-bremsstrahlung contribution to the single W production, we impose acceptance cuts on the final state γ to distinguish it from the single W process. The chosen acceptance cuts are
where θ(γ, e The complete e − e − → e − e − bb background includes both e − e − → e − e − Z with Z → bb and the two-photon production of bb. Based on the fact that the two-photon background can be reduced substantially by keeping the photon propagators far off-shell, we impose the following acceptance cuts p T e > 15 GeV and | cos θ e | < cos(15
on both of the electrons in the final state. We also impose the following acceptance cuts on the b's in the final state:
The latter cuts are tailored to reduce the eeZ background, as the b's from Z-boson production are much more forward-peaked than the b's from Higgs-boson production. 
The signal is a sharp peak at the Higgs mass. We consider an invariant mass resolution ∆m H for the bb pair of 10 GeV and assume that all the signal falls within m H ± ∆m H .
The signal and the background in such bins at various Higgs mass values are summarized in [16] . An e − e − collider offers a unique opportunity to explore the weak isospin I = 2 s-channel 
to 
In the following we address the observability of this strong W There are several different ways to accomplish the substantial background suppression [18, 19, 20] . 
which retains about one-third of the signal and reduces the SM backgrounds by more than an order of magnitude. After those cuts, the heavy Higgs enhancement becomes ∆σ H ≃ 7.8 − 6.3 = 1.5 fb.
In hadronic W -decays, the sign of the W charge is not identified and the two-photon process e − e − → e − e − W + W − may also present a substantial background when the final electrons are not observed. From Fig. 4 E e > 50 GeV, | cos θ e | < | cos(150 mrad)| .
With the acceptance of Eqs. (9) and (10) 
presented in Fig. 8(b) . The signal (difference of solid and dashed curves) is enhanced by the cut ∆p T (V V ) > 400 GeV .
With the additional cuts of Eqs. (11) and (13) the surviving signal is ∆σ H ≃ 3.8 − 2.8 = 1.0 fb .
The efficiency for retaining the signal is 67%. Next we estimate the signal rates for other strongly-interacting scenarios. We consider a chirally-coupled scalar boson (m S = 1 TeV and Γ S = 350 GeV), a chirally-coupled vector boson (m V = 1 TeV and Γ V = 25 GeV) [18, 19] , and the low energy theorem amplitude [19, 22] .
These calculations are carried out with the effective W -boson approximation (EWA) [23] .
In this calculational method one is unable to obtain the exact kinematics for the final state of W − W − . In order to simulate the acceptance effects of Eqs. (11) and (13), we multiplied the EWA calculations by the efficiency factor 67% found in the heavy Higgs boson model.
The predicted cross sections at √ s = 2 TeV with the cuts discussed above are presented in Table 2 . Also given in parentheses are the number of events with hadronic W, Z decays for an integrated luminosity of 300 fb −1 . In Table 2 we see that the backgrounds (dominantly from W − Z production) to the signals are still substantial after the kinematic selection criteria.
Due to the absence of an s-channel resonance, the signals are mostly an overall enhancement on the M W W spectrum. If we can predict the SM backgrounds at a level of better than 10%, there is a chance that we can observe the strong W − W − scattering via the hadronic decay modes at statistical significance S/ √ B > 4 for a 1 TeV scalar or a vector particle, and at S/ √ B ≥ 6.4 for the LET amplitude with M W W > 500 GeV.
If separation of W and Z peaks can be achieved in the m jj mass distributions then the 
Beamstrahlung Effects
Since beamstrahlung is a collective phenomenon, it depends very much on the design of the machine, e.g., the number of particles in a bunch, the number of bunches in the beam, and the shape of the beam. Systematic studies of beamstrahlung at e + e − colliders have been made; see Ref. [25] . Based on these analyses we briefly comment on beamstrahlung effects on the luminosity and the center-of-mass energy of an e − e − collider.
In e + e − collisions, the forces on the charged particles in one of the beams due to the electromagnetic field of the opposite beam cause the particles to curve towards the center of the beam, resulting in a more compact beam and so the effective luminosity increases. For example, in the NLC design [3] the luminosity enhancement factor H D is 1.4, while that for the DLC design[3] is 2.8. The effect of beamstrahlung on the luminosities in e − e − collisions is exactly opposite, due to the fact that the force from the opposite beam causes the particle to diverge from the center of the beam. The decrease in the luminosity of the e − e − colliders (assuming the same design as the corresponding e + e − colliders) is a factor of 0.7 for the NLC design and 0.36 for the DLC design. However, the luminosity decreases can likely be reduced by the altering the designs. Bremsstrahlung does not change the luminosity.
The effect of beamstrahlung on the center-of-mass energy √ s is easy to understand. The forces felt by one of the beams due to the fields of the opposite beam in either e + e − or e − e − collisions are equal, though in opposite directions. The accelerations of the charged particles in the beam are therefore equal for e + e − and e − e − collisions (again in opposite directions), and so the radiations from the accelerated charges are the same. Thus, the resultant decreases in the center-of-mass energies due to radiation are the same for e + e − and e − e − colliders. In the DLC, NLC, JLC, and TESLA designs [3] the decreases in the center-of-mass energies due to beamstrahlung effects can be controlled better than that of bremsstrahlung, which is well understood. Since the cross sections of all the processes considered in this paper increase with √ s, the decrease in the effective center-of-mass energy due to beamstrahlung and bremsstrahlung will decrease the cross sections.
Advantages of Polarizing the Electron Beams
There are advantages of polarizing the colliding electron beams either left-handed or right- Table 3 we compare the relative sizes of the polarized cross sections for the SM processes that we have calculated in this paper. There are four possible polarization combinations (LL, LR, RL, and RR). We denote, e.g., σ LL as the cross section if both of the incoming electrons are left-handed.
Summary
We have calculated the Standard-Model cross sections for single and double production of weak bosons, which are SM backgrounds in the search for new physics in high energy e − e − Process e − e − → Relation among the σ's 
